An effective linearization technique capable of equalizing IM3 products resulting from an arbitrary out-of-band blocking scenario in a wideband direct conversion receiver is presented. IM3 products are regenerated in the RF analog domain of a low-power mixed-signal feedforward path and are used to cancel analogous signal terms in the original receiver at digital baseband via adaptive equalization. The composite SAW-less receiver achieves an improvement in effective IIP3 from 27.1 to þ5.3 dBm under worst-case UMTS Region 1 blocking when the feedforward path is active. 
I . I N T R O D U C T I O N
For the past 20 years, the use of digitally assisted techniques to reduce the impact of analog circuit nonidealities has steadily increased and has spread to applications within a wide variety of circuit blocks. In this regard, RF receivers have received comparatively little attention, perhaps due to the relative ease and cost with which design specification could be met. One important example of this is the use of off-chip SAW filters to improve the effective linearity of the receiver by attenuating large out-of-band blocking signals. However, with the recent push toward multimode receivers, the feasibility of incorporating many such filters into a design has plunged. The work described in this paper addresses this trend by proposing a mixed-signal feedforward enhancement scheme to improve the effective out-of-band IIP3 of a SAW-less universal mobile telecommunications system (UMTS) receiver. This paper builds upon the results of [1] by describing the key concepts used to set performance requirements on the enhancement circuitry and also contains measured sensitivity results for the complete receiver.
I I . S Y S T E M -L E V E L C O N C E P T S

A) System-level linearization via equalization
In order to improve the system IIP3 for a SAW-less directconversion receiver, the original main path of the receiver is augmented with an alternate feedforward receiver path, as shown in Fig. 1 [1, 2] . The alternate path generates IM3 products in the analog domain at RF and downconverts them to baseband using the same LO frequency as the main path receiver. The IM3 products are then digitized and are used as inputs to an equalizer which cancels the baseband IM3 products in the main path. Hence, a linearization via equalization is accomplished. Generating the IM3 products after the low noise amplifier (LNA) at RF is a crucial feature of this architecture, since it is at this point in the system that the blocker magnitudes are at their largest.
This solution has the advantages of being both power efficient and robust. Since the alternate path must process only IM3 terms, the dynamic ranges of its constituent circuits can be over 10 dB less than in the main path, allowing for significant power savings in its overall design. The time-averaged power dissipation of the alternate path is further reduced by powering it on only when needed, as problematic blocker conditions occur roughly less than 10% of the time. The adaptive tracking nature of the equalization guarantees robustness in the presence of changes in temperature, LO frequency, fading, and changing blocker characteristics.
The idea of adaptively canceling IM3 products has recently been described in a system-level study [3] , where the alternate path resides completely within digital baseband. For IM3 cancelation to occur in this scheme, the analog-to-digital converter (ADCs) must digitize all possible IM3-producing blockers. For example, in FDD UMTS Region 1 this requires digitizing frequency bands from 1670-1850, 2015-2075, and 1920-1980 MHz (TX band), rendering this scheme unattractive from a power efficiency perspective. In order to overcome this issue, the mixed-signal approach proposed in this work passes only the problematic IM3 products through the alternate path ADCs. Hence, the alternate path ADC and digital baseband sampling rate requirements are no greater than those of the original main path. Furthermore, generating IM3 products at RF prior to downconversion guarantees sufficient IM3 amplitude and signal quality for an arbitrary blocker offset from the receiver LO frequency.
B) Receiver system architecture
The receiver system architecture described in this paper is shown in Fig. 2 . In order to provide a quantitative design objective, the design targets the FDD UMTS Region 1 standard, as it is known for its stringent linearity requirements. It contains a custom integrated front-end in 130 nm RF CMOS, analog baseband circuitry on PCB, and a digital back end implemented on an field programmable gate array (FPGA) platform.
Although it is possible to perform the adaptive equalization in analog circuitry, shifting as much of the signal processing as possible to the digital domain yields several advantages. For example, the behavior of digital circuitry is relatively insensitive to process variations, and the continued scaling of digital processes has made baseband digital blocks power competitive with equivalent blocks in the analog domain.
Considerations specific to modern cellular receivers also factor into the choice of placing the adaptive equalizer in the digital domain. For example, such receivers often implement adjacent channel rejection filters in digital circuitry to assist in multimode reconfigurability. It is therefore best to place the adaptive equalizer after these filters in the digital domain as well in order to ensure that large adjacent channel signals do not interfere in the adaptive equalization.
A) Main path circuitry
As shown in Fig. 2 , the LNA is an inductively degenerated cascode architecture which is terminated by a transformer balun. The balun is followed by folded high-IIP2 mixers [4] , which are capable of functioning under the 1.2 V supply voltage. This choice makes IM2 equalization unnecessary and allows the design effort to focus solely on IIP3 improvement. The mixers are driven by actively loaded Cherry-Hooper LO buffers [5] which are required to drive the rather large mixer switching device gate capacitances.
The main path analog baseband circuitry is implemented with discrete, commercially available components. The baseband low-pass filter is a third-order Chebyshev architecture and is followed by an 8-bit pipelined ADC running at 50 MHz. 
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B) Alternate path circuitry
The alternate path is a low-power, low-area variant of the main path, with the primary difference being the inclusion of an IM3 term generator. In order to conserve area, the alternate path mixer dispenses with the tuning inductor present in the main path mixer and replaces the single tail current source with two-one for each branch of the circuit. The integrated portion of the alternate path, including IM3 term generator, mixers, LO buffers, and frequency divider consumes 6.7 mA under 1.2 V. Like the main path, the alternate path baseband circuitry is implemented with discrete components. Part of the alternate path baseband low-pass filters are incorporated into buffers which drive two 8-bit pipelined ADCs running at 16.66 MHz. Together, these off-chip components consume less than 7.6 mA under a 2.7 V supply.
I V . I M 3 T E R M G E N E R A T O R
A) Design requirements
The IM3 term generator merits additional consideration in specifying its design requirements, as it is an atypical block for use in an RF receiver. An explicitly cubic circuit is desired, as it passes negligible linear terms around the receiver LO frequency. If present, these terms will be treated as error by the adaptive equalizer, potentially reducing the gain of the desired signal or the degree to which distortion terms are canceled.
The IM3 product-to-error ratio (IER) metric [6] can be used to quantify the performance impact of the alternate path error on the complete receiver in a simple manner. To see how, consider the output of the alternate path as the output of the adaptive filter in Fig. 1 . The equality of the IM3 products in the main and alternate paths is enforced by the adaptive equalizer at the summation node here (1) with any discrepancy in this equality counting toward the IER of the alternate path
After equalization of the IM3 products, the receiver output still contains error due to noise, other IM products, and numerous other effects. As implied by (2) this error power can be decomposed into pre-existing main path error power and error power due to the alternate path. It is assumed that the two error power components are uncorrelated to good approximation and can be referred to the input of the receiver via the main path gain:
Using (1) and (2) the relation of (3) is derived:
As the quantities of (3) regarding main path and total allowable input-referred error should be known prior to the design of the alternate path, (3) can be used to determine the required IER of the alternate path. Another important implication of (3) is the fact that as the power of the IM3-producing blockers varies, the IER quantities of the two paths roughly track assuming that the distortion is dominated by third-order distortion products. Given this, the specification for total input-referred error power in (3) will be met under any blocking conditions to first order if it is met under peak blocking conditions. It can be shown under a reasonable error budgeting procedure that for a UMTS receiver with uncorrected IIP3 ¼ 29 dBm, IER ALT under peak blocking conditions (denoted IER ALT,PK ) should be .31 dB [2] .
B) Circuit design
Cubic term generators have been used in the past for the predistortion of nonlinear RF transmitter power amplifiers. Reported topologies include those that utilize the third-order Taylor series coefficient of the MOSFET [7] and those that cascade multipliers in a multistage configuration in order to create polynomial predistorters [8] [9] [10] .
For this work, a multistage IM3 term generator is utilized due to its superior IM3 product-to-noise ratio (INR) properties, which stem from the strong second-order MOSFET nonlinearity and from the fact that the output of the initial squaring circuit is only attenuated with respect to the active device noise floor as the square rather than the cube of the input. The circuit schematic is shown in Fig. 3 . The second-order nonlinear operation is performed by a conventional metal-oxidesemiconductor (MOS) squaring circuit in order to avoid the generation of higher-order IM products associated with the nonlinearity of the Gilbert cell current commutating devices.
As it produces a single-ended output, the squaring circuit is followed by an active balun, which performs an inductorless single ended to differential conversion. To improve the generator common mode rejection ratio (CMRR), the negative terminal of the balun is tied to a replica squaring circuit whose gate terminals are shorted. This branch only generates common mode signal, which is then rejected by the CMRR of the balun. The final nonlinear operation is performed by a Gilbert cell multiplier. The nonlinearity of the current commutating devices can be mitigated at the expense of the Fig. 3 . IM3 term generator schematic.
digitally assisted equalization of third-order intermodulation productscurrent gain of this stage. However, this gain can be made up in the stages in between the nonlinear operations.
Perhaps the most important aspect of the proposed IM3 term generator is its multistage nature. Only the beat frequency terms of the squaring need to be retained in order to recreate the relevant IM3 products. Hence, the bandwidth of the inter-multiplication circuitry can be substantially smaller than the RF frequencies of the blocker signals, as depicted in Fig. 4 . In this case, the gain-bandwidth principle can be used to the designer's advantage, as substantial gain can be applied for less power than if the full IM2 spectrum up to 4 GHz were retained in between nonlinear operations.
V . A L T E R N A T E P A T H P O S T F I L T E R R E Q U I R E M E N T D E R I V A T I O N
In the alternate path, the out-of-band signals that must be attenuated at baseband are the undesired IM3 products produced by the cubic term generator. One way to determine baseband postfilter requirements is to first bound the total receiver error as a function of the ratio of the alternate path IM3 products under peak blocking to the maximum output error due to aliasing of undesired IM3 products. This quantity is denoted I PK E MAX R ALTPF and reflects the fact that the maximum aliased error may not occur under peak blocking conditions. Equation (3) can therefore be modified as in (4), with IER ALT,REM,PK denoting the IER of the remainder of the alternate path under peak blocking:
Whether or not a particular postfilter/F S,ADC meets a given IER requirement for the FDD UMTS Region 1 out-of-band blocking test, in which the TX leakage acts as one of two blockers, can be determined by a sweep on the RX and TX LO frequencies. Since for each set { f RX , f TX } there exist two potential CW blockers that result in corruptive IM3 products, a third dimension must be added to the sweep. The following steps are performed for each sweep iteration:
1) For each set {f RX , f TX , f CW } the maximum blocker magnitudes A CW and A TX are determined using the blocker specification and the frequency response of any up-front filtering (e.g. the UMTS duplexer). 2) IM3 product magnitudes are computed at the four IM3 frequencies: {f RX , f TX , f CW , f RX 2 3j f CW 2 f TX j}.
3) The spectrum from part 2 is then downconverted to baseband by f RX and a postfilter model is applied. 4) The effective baseband frequency domain spectrum is aliased to discrete-time baseband by F S,ADC . The energy falling within the RX bandwidth is integrated and used to divide the alternate path IM3 product magnitude under peak blocking. This quantity is then compared to a running minimum and if less, the running minimum is updated. The result of this procedure is the I PK E MAX R ALTPF for the given postfilter/F S,ADC combination.
For this project, F S,ADC ¼ 16.66 MHz was chosen to allow the use of a low-power ADC. In this case, if the only postfiltering present were the mixer output pole at 1.5 MHz, then I PK E MAX R ALTPF ¼ 27 dB. Adding another first-order pole to the ADC buffer at 8 MHz yields I PK E MAX R ALTPF ¼ 46 dB, which meets the requirements of the design of [2] with margin. To visually depict the worst-case undesired IM3 products relative to the peak IM3 amplitude as a function of frequency, the procedure described above may be terminated at
Step 3, the result divided by the peak IM3 amplitude, and a maximum operator instituted at each frequency bin, resulting in Fig. 5 for the design of [2] . 
V I . D I G I T A L E Q U A L I Z A T I O N
The path equalization implemented in this project is performed in the digital domain and is partitioned into fixed and adaptive portions. This choice stems from the fact that the minimal analog postfilters of the main and alternate path were found to be different in both type and order. Compensating such a known infinite impulse response (IIR) path difference via adaptive equalization is computationally inefficient. Therefore, the fixed equalization consists of a three-multiplier IIR filter in the alternate path. Also lumped into this filter is a coarse group delay compensation. The remaining difference between the two paths is a small random mismatch in the baseband transfer function and a complex DC gain. Because this difference is broadband in the frequency domain, it corresponds to a small number of finite impulse response (FIR) taps required in the adaptive equalizer by the duality principle. The most significant mismatch to be compensated stems from the phase response of the interstage circuitry of the IM3 term generator, shown in Fig. 6 . As this phase response is not known a priori, the adaptive equalizer must track and compensate for the additional phase mismatch introduced.
Due to its simplicity and convergence speed, the normalized least mean squares (LMS) (NLMS) algorithm was chosen for the adaptive equalization scheme. The division characteristic of NLMS can be log2-quantized [11] , allowing the use of a simple barrel shifter as a divider. Although a complex LMS-based algorithm such as NLMS can equalize the phase skew between the main and alternate paths, in general the presence of I-Q mismatch on either path limits the IM3 cancelation. As shown in Fig. 7 , this issue was overcome by feeding back the complex corrected signal back to independent I and Q taps on each of the incoming alternate path signals, essentially adding another degree of freedom to the algorithm.
Another consideration is that the adaptive equalizer performance is degraded in the presence of DC offset. To solve this problem, the proposed design includes high-pass filters in the digital domain and DC offset trimming circuitry in the alternate path. Periodic offset trimming must be performed prior to the alternate path high-pass filters, or the step response incurred when enabling the digital portion of the alternate path will result in an exponential error transient at the output, prolonging equalizer convergence.
V I I . M E A S U R E M E N T A N D P E R F O R M A N C E
The emphasis of this project is to meet the IIP3 requirements implicitly posed by the UMTS out-of-band blocking test, which must be performed while the TX path is operating at maximum output power [12] . For the duplexer [13] , the worst-case specified IMD condition, with values referred to the LNA input, is 226 dBm TX leakage at 1.98 GHz, a 234 dBm CW blocker at 2.05 GHz, when the receiver LO frequency is set to 2.12 GHz.
A) Receiver IIP3 measurement results
Therefore, under experiment, the receiver is subject to a modified two-tone test, where one of the signals is Quadrature phase shift keying (QPSK-modulated) and set to UMTS standards. Accounting for the 1.8 dB loss of the duplexer and the 3 dB increase in noise margin allowed under blocking conditions, the maximum allowed total input-referred error is 298 dBm [14] . The results of this test are shown in Fig. 8 and show that in this case under equalization, the digitally assisted equalization of third-order intermodulation productsinput-referred error is 2101 dBm. (note: here f CW ¼ 2.05125 GHz, f LO ¼ 2.1225 GHz) Also shown in Fig. 8 are the results of the same test using the canonical NLMS algorithm. A main path quadrature mismatch of about 38 is partially responsible for the higher input-referred IM3 products. All numbers reported and plots shown correspond to the worse of the two digital baseband quadrature outputs under the aforementioned conditions.
The total input-referred error accounts for thermal noise, gain changes, and distortion products. Removing the effect of main path IM2 products and thermal noise yields a lumped input-referred quantity consisting of all other error sources. This quantity is treated as residual IM3 error, and from its value at the worst-case input blocker magnitude a slope-of-3 line is extrapolated to obtain an effective IIP3 of þ5.3 dBm. This is an improvement of 12.4 dB from the uncorrected IIP3 of 27.1 dBm. This test was also performed at all 12 UMTS RX frequencies, with the results shown in Fig. 9 . In Figs 8 and 9 , the calculated thermal noise of the 50 V input impedance is removed to isolate the performance of the receiver circuitry. The convergence behavior of the adaptive equalizer is shown in Fig. 10 .
B) Receiver sensitivity measurement results
Although the IIP3 test provides insight as to how nonlinear terms contribute to the input-referred error of the receiver, the actual performance specification that must be met is that of the sensitivity test. In this work, such a test is performed using a specification-equivalent UMTS 12.2 kbps downlink reference measurement channel [12] with both I and Q channels active, with the results comparable to those in [15] . As part of this test, the digital outputs of the receiver are recorded, then postprocessed offline in MATLAB. The digital receiver outputs are resampled in MATLAB to 30.72 MHz, which is a multiple of the UMTS chip rate of 3.84 MHz.
The theoretical relation between sensitivity and noise figure is given in [15] . In this work, G ¼ 21.1 dB and IL % 0 dB. Accounting for the 1.8 dB loss of the duplexer, the receiver must achieve BER ¼ 10 23 for DPCH_E c ¼ 2118.8 dBm at the LNA input under typical conditions and DPCH_ E c ¼ 2115.8 dBm under worst-case blocking conditions.
The results of the test are shown in Fig. 11 . The fact that BER ¼ 10 23 occurs with despread SNR % 1 dB indicates that the MATLAB postprocessing was performed correctly [15] . Each point in Fig. 12 represents the average of 4.88 Â 10 5 bits (2000 data frames). These results are in good agreement with those reported in the previous section and in the performance summary in Fig. 12 , with the salient result being the 20.7 dB improvement in sensitivity when the alternate path is fully enabled. This corresponds to the roughly 20 dB improvement in input-referred error seen at 226 dBm TX leakage in Fig. 9 .
C) Additional measurement results
The measured performance summary of the receiver is shown in Fig. 12 . Digital power and area numbers are pre-layout estimates derived from a 90 nm bulk CMOS standard cell library with estimated wiring parasitics. Figure 13 shows a die photograph of the integrated RF CMOS front end.
V I I I . C O N C L U S I O N
This paper describes a UMTS receiver with an integrated RF section in which IM3 products are canceled using a novel mixed-signal feedforward loop. Concepts and methodologies digitally assisted equalization of third-order intermodulation productsthat relate the performance of the alternate feedforward path subcircuits to the performance of the overall receiver are also considered. 
A C K N O W L E D G E M E N T S
